Shell-and-tube heat exchangers with trefoil-hole baffles are new type heat transfer devices and widely used in nuclear power system due to their special advantages, with the fluid flowing longitudinally on the shell side. However, very few related academic literature are available. In order to obtain an understanding of the underlying mechanism of shell-side thermal augmentation, a CFD model including inlet and outlet nozzles is proposed in the present study. Based on the RNG k-model, numerical investigations on shell-side fluid flow and heat transfer are conducted by using commercial CFD software FLUENT14.0. The results show that the fluid is fully developed after the first trefoil-hole baffle. The heat transfer coefficient and pressure drop vary periodically along the axial direction. Fluid velocity increases gradually and the jet flow forms in the region near baffles. The secondary flow is also produced on the two sides of baffles when the fluid flows through trefoil-hole baffle. The jet flow and secondary flow can decrease the thickness of boundary layer and then enhance the heat transfer.
Introduction
Shell-and-tube heat exchangers(STHEs) are widely used in various industrial fields such as petroleum refining, power generation and chemical process, especially nuclear power system [1] . Lots of energy could be saved by improving the structure of these equipment. The segmental-baffle shell-and-tube heat exchangers have been well developed and widely used [2] [3] . However, the pressure loss and the 'dead flow' region of them are considerably large. Moreover, the harmful vibration and the energy consumption are high. As a new type of longitudinal flow heat exchanger [4] , shell-and-tube heat exchangers with trefoil-hole baffles is developed to solve these problems.
In order to understand the underlying mechanism of heat transfer enhancement, Dong [5] proposed the 'unit channel model' and numerically investigate the flow and heat transfer characteristics of shell-andtube heat exchangers with trefoil-hole baffles. The results showed that the heat transfer rate and pressure loss decrease with the increase of the hole height and baffle space. You [6] [7] obtained the heat transfer rate and pressure drop formulation on the shell side under specified baffle space. However, these studies mainly focus on the simplification of the geometry and usage of the 'unit channel' [8] [9] , in which the fluid flows in different channels without interference is assumed. So, the heat transfer performance of the whole heat exchangers and the mechanism of the heat transfer enhancement can not be understood and mastered.
To understand the fundamental mechanisms of fluid flow and heat transfer on shellside of shell-andtube heat exchanger with trefoil-hole baffles, a whole model for numerical simulation is proposed to study the forced convection heat transfer characteristics and pressure drop in the present paper. Compared with the experimental results, the feasibility and accuracy of the proposed model are verified. Furthermore, the flow field and heat transfer enhancement mechanism are also analysed. Table 1 . 
Geometrical model

Numerical model
The Governing equations
Water is selected as the shellside working fluid. It is treated as an incompressible fluid. The physical properties vary with temperature and are calculated by using the piecewise-linear [10] method to improve computing precision. The flow is assumed to be stable and turbulent. The viscous heating and pressure power are neglected due to the limited fluid velocity and incompressible medium assumption. Based on the above assumptions, the governing equations of fluid flowing on the shellside are presented as following [11] [12] :
Continuity equation:
Energy equation:
where T and p stand are fluid temperature and pressure, respectively; u is the fluid velocity; and C p are fluid density and constant pressure specific heat, respectively; k is heat conductivity coefficient. Considering the highly swirling on the shellside with non-isotropic turbulence, RNG k-turbulence model together with standard wall function [13] is adopted for the current computation [10] . The conservation equations of turbulence kinetic energy and its dissipation rate are given below: Turbulence kinetic energy k:
Turbulence kinetic energy dissipation rate :
where
The constants [10] : C =0.085, C 1 =1.42, C 2 =1.68, =0.012, 0 =4.38, k = =1.39.
The computation domain and boundary conditions
According to the symmetry of the structure, a half of the whole volume is taken as the computation domain, which involved in the shell, together with the inlet and outlet headers and tubes. Since the clearances between tubes and baffles are very small, the leakage effects are expected to be negligible in the computation.
Boundary conditions are set as follows: (1) At the inlet of the shell side, a velocity profile of fullydeveloped turbulent flow is given, while the fluid temperature is set as uniform, T in =238k. The turbulence intensity is set as I=3%. (2) At the outlet of the shell side, an outflow condition is imposed. (3) No slip and no penetration are specified for all walls. (4)The baffles and the shell wall are adiabatic, the temperature of tube wall is set constant, T w =307K.
The mesh and the computation scheme
The 3D grid system is generated by using the commercial software ANSYS. The computation domain, except near-baffles region, is discretized with structured tetrahedral elements. The mesh of the regions adjacent to the tubes and supported plate are refined to meet the requirement, as shown in Fig. 2 .
The finite volume method is adopt for the discretization, and all the variables are treated with the second-order upwind scheme [14] , except the pressure term with standard scheme [13] . Numerical computations are conducted with the pressure-based solver, and pressure and velocity are coupled with the 'SIMPLE' algorithm. The convergent criterions are set as: relative residual of 1E-8 for energy and 1E-5 for other variables.
In order to ensure the accuracy of the calculation, grid independency of the results has been checked. It is found that the relative discrepancies of both Nusselt number Nu and the pressure loss for the latter two are within 1%, which demonstrates that the CFD simulation is of reasonable precision. Thus the grid system of 1.36×10 7 is adopted for the final computation. 
Model verification
In order to verify the accuracy of the proposed CFD model, an experiment for shell-and-tube heat exchanger with trefoil-hole baffle is carried out. The experimental results are shown in Fig. 3 . It shows that the numerical Nusselt number and the pressure loss are in good agreement with experimental results. The maximum error of Nusselt number and the pressure loss are 17.4% and 20.3%, respectively. It indicated that the proposed physical model and the numerical calculation method is feasible and accurate.
Results and discussions
Heat transfer and pressure drop performance
The mean heat transfer coefficient of the cross section h av is defined as: ( ) av w av h q T T . where q is the average heat flux, T av is the average fluid temperature, T w is the temperature of tubes. The variation of the average heat transfer coefficient h av , static pressure p av of cross sections along with axial length is shown in Fig. 4 . It can be seen that the fluid is fully developed after the first trefoil-hole baffle. The flow and heat transfer characteristics of the central shellside are important and can be used as design rules. In addition, the pressure loss comes from flow resistances and local loss flowing through baffles.
The flow distribution
Fig . 5 shows the velocity distribution on the longitudinal section. It can be seen that the most of fluid flows longitudinally and uniformly. The acceleration and expansion of the working fluid are clear when it flows cross baffles, and the flow direction varies, which generates multidirectional jet and results in the turbulence enhancement. This is because that the flow area decreases and the velocity increases sharply. Since the block of the baffle, the fluid in front of the baffles flows from the center to the edge of the shell, and the fluid has passed through the baffles flows back to the center form the edge, which produce the secondary flow and enhance the convection heat transfer on shell side effectively.
Due to the effect of shell wall and baffles, the velocity near the inner shell wall is low, and the velocity near the center is high. Along the radial direction, the velocity decreases gradually, which leading to the decrease of the average convective heat transfer coefficient. The temperature distribution T av along the axial length is shown in Fig. 6 . It can be seen that the temperature near baffles increases obviously due to the generation of the jet and secondary flow. Thus, the local heat transfer is enhanced relatively.
Conclusions
The numerical analysis of heat transfer and fluid flows in the shell sides of the shell-and-tube heat exchanger with trefoil-hole baffles is carried out, with the aim to improve the overall themo-hydraulic performance in longitudinal flow heat exchangers. The following conclusions be drawn from the study:
1) It has been shown that the numerical Nusselt number and the pressure loss are in good agreement with those from experiments. The relative deviation is lower than 17.4% and 20.3%, respectively. It indicates that it is reasonable to use the proposed CFD model and computation method in the analysis of shell-and-tube heat exchanger with trefoil-hole baffles.
2) Due to the structure characteristic, the fluid on the shellside of shell-and-tube heat exchanger with trefoil-hole baffles flows periodically. The gradient temperature and pressure also recur periodically. The fluid flow is fully developed after the first trefoil-hole baffle.
3) For fluid flowing through the baffles, the acceleration and expansion of the working fluid are clear and the jet and swirl flows are generated due to the decrease of the flow area. Along the radial direction, the velocity decreases gradually, which leading to the decrease of the average convective heat transfer coefficient.
